Chagas disease, also known as American trypanosomiasis, is classified as a neglected disease by the World Health Organization. For clinical treatment, only two drugs have been on the market, Benznidazole and Nifurtimox, both of which are recommended for use in the acute phase but present low cure rates in the chronic phase. Furthermore, strong side effects may result in discontinuation of this treatment. Faced with this situation, we report the synthesis and trypanocidal activity of 3-benzoyl-flavanones. Novel 3-benzoyl-flavanone derivatives were prepared in satisfactory yields in the 3-step synthetic procedure. According to recommended guidelines, the whole cell-based screening methodology was utilized that allowed for the simultaneous use of both parasite forms responsible for human infection. The majority of the tested compounds displayed promising anti-Trypanosoma cruzi activity and the most potent flavanone bearing a nitrofuran moiety was more potent than the reference drug, Benznidazole.
Introduction
The Brazilian researcher Carlos Ribeiro Justiniano das Chagas discovered Chagas disease (also known as American trypanosomiasis) in 1909 and revealed that the etiologic agent to be the parasite Trypanosoma cruzi (T. cruzi) [1] . Chagas disease is classified by the World Health Organization (WHO) as a neglected disease along with dengue, rabies, African trypanosomiasis, among others [2] [3] [4] . In a recent survey conducted between 2008 and 2017, over 90% of reported cases of Chagas disease in the world were confirmed in South America [5] . A common form of transmission occurs through contact of the mucosa of the open wound with contaminated feces of the triatomine bug [5] [6] [7] . However, the transmission is not only caused by direct contact with the parasite, but it can also be caused by indirect contact occurring by ingestion of contaminated food containing feces of the triatomine bug. Indeed, studies suggest that the most probable forms of transmission were oral transmission (72%), the minority being caused by vector transmission (9%) and the remaining 19% were unidentified forms of transmission [5] .
In the acute phase of Chagas disease, symptoms like fever, discomfort, and facial edema are common but may disappear spontaneously between four to six weeks post-infection. Treatment at this stage is still possible, but commonly these symptoms go unnoticed and the disease transitions many years later into the chronic phase when the heart is already severely compromised (chagasic cardiomyopathy) and available drugs are no longer effective. Furthermore, the parasite and its major vectors can also cause lesions in the liver and in the nervous and lymphatic systems [6] .
Treatment of Chagas disease is restricted to Benznidazole and Nifurtimox, both of which were introduced in the market in the 1960s and 1970s. Both of these drugs have a few drawbacks such as: (i) moderate efficacy in the acute phase and low efficacy in the chronic phase of the disease; (ii) side effects such as digestive disorders, fevers, muscle pain, loss of appetite, amnesia, hematological disorders (Nifurtimox), and hypertensive dermatitis (Benznidazole); (iii) require follow-up under medical supervision for longer periods of time; (iv) absence of pediatric doses; (v) not being indicated for pregnant patients. Nifurtimox was withdrawn from the Brazilian market due to its high toxicity, making Benznidazole the only available treatment [6, 7] .
Many plant extracts have rendered flavonoids with anti-trypanosoma cruzi activity ( Figure 1 ). Ambrozin et al. isolated and evaluated the activity of two flavonoids from the leaf extract belonging to the Rutaceae (Conchocarpus heterophyllus) family against the trypomastigote form of T. cruzi Ganapaty et al. isolated from the roots of Tephrosia pumila (Fabaceae) Pumilanol, which displayed promising anti T. cruzi activity and low cytotoxicity when compared to the reference compound [8] . Grecco et al. isolated four flavonoids (4 -O-Methylscutellarein, Sakuranetin, Hispidulin, and Pectolinaringenin) from the Baccharis retusa (Asteraceae) plant and found two of these flavonoid compounds to be more potent than the reference drug [9] [10] [11] [12] . Marin et al. isolated quercetin glycosides from Delphinium gracile (Ranunculaceae), which were also evaluated against the amastigote form of Trypanosoma cruzi. Although this compound displayed high trypanocidal activity, it was more toxic than the reference drug compound [13] . The aforementioned studies have shown that flavonoids exhibit promising trypanocidal activities. Thus, motivated by the negative economic and social impact caused by Chagas disease, lack of alternative chemotherapies, especially in the chronic phase and the existence of naturally resistant T. cruzi strains, this work describes the synthesis and trypanocidal activity of 3-benzoyl-flavanones.
Results

Synthesis of 3-Benzoyl Flavanones
Esterification of 2-hydroxyacetophenones with substituted benzoyl chlorides afforded initially the corresponding esters, which were immediately subjected to a Baker-Venkataraman rearrangement in the presence of KOH to afford the desired 1,3-diketones 1. All of the ester and 1,3-diketone intermediates are known compounds and were, therefore, confirmed by comparison of their NMR spectral data and melting points with literature values (see experimental section).
Subsequently, 3-benzoyl-flavanone derivatives 2a-z were synthesized by a domino aldol condensation intramolecular oxi-Michael reaction between β-diketones and aldehydes in the presence of morpholine (Scheme 1). In total, 28 3-benzoyl-flavanone derivatives were obtained in satisfactory yields ranging from 30 to 97%, and 16 of these are unpublished compounds ( Figure 2 ). In order to determine what, if any, the importance of an aryl group at position 2 would play in the overall trypanocidal activity of the target compounds, 3-benzoyl-2-methylchroman-4-one 3 was prepared by reacting 1 with acetaldehyde (Scheme 1). All flavanone derivatives were characterized by infrared (IR) spectroscopy, 1 H and 13 C Nuclear Magnetic Resonance spectroscopy, and high-resolution mass spectrometry. In the 1 H NMR spectrum, 3-benzoyl-flavanones characteristically display two doublet resonances corresponding to the methine hydrogens present at the dihydropyranone ring (~5.17 ppm and 6.02 ppm, respectively). Rao et al. described the synthesis of both cis and trans 7-methoxy-2,3-dimethylchroman-4-one and showed that the coupling constant for the cis compound to be approximately 3.4 Hz and the trans being larger around 11.5 Hz [14] . The trans configuration was, therefore, attributed to compounds 2a-z based on comparison of their coupling constants with similar compounds in the literature given that the coupling constant for 3-benzoyl-flavanones was 12 Hz. Notably, the 1 H NMR spectra for compounds 2y and 2z were in solution observed exclusively in their keto-enol tautomeric form (Scheme 2). The presence of a furan ring possibly favors form B by stabilization of an intramolecular hydrogen bond between the furan oxygen and enol hydroxyl group (Scheme 2). The enol form for similar 3-benzoylchromanones has also been observed in CDCl 3 by other groups [15, 16] .
It is well established that both Benznidazole and Nifurtimox are prodrugs that require the enzyme nitroreductase for their trypanocidal effects. For this reason, compound 2z was synthesized bearing a nitrofuran for the purpose of evaluating possible improvement in activity via a known biological mechanism of action. In order to maintain equivalency with Nifurtimox, the nitro group was introduced to position 5 of the furan ring. Furthermore, compound 2a was alkylated with iodoethane and converted to compound 4 to afford a flavanone with greater lipophilic character (Scheme 3).
Given that tricyclic compounds have demonstrated excellent trypanocidal activities [17, 18] , the chromenopyrazol 5 was obtained by condensation of hydrazine with 2a (Scheme 4) and evaluated for anti-T. cruzi activity. Thus, with the target compounds in hand, in vitro bioassays using trypomastigote and amastigote forms of Y-strain T. cruzi were carried out.
Evaluation of In Vitro Anti-T. cruzi Activity
Flavanone derivatives were evaluated for anti-T. cruzi activity against the intracellular forms of the parasite. Although the use of epimastigotes present in the midgut vector may be utilized for initial screening [19, 20] , we have instead opted for the simultaneous use of trypomastigote and intracellular amastigotes forms that are present during both acute and chronic phases of the disease [21, 22] . This approach is in accordance with the Drugs for Neglected Diseases Initiative guidelines (DNDi) [23] . Moreover, it also has the advantage of evaluating bioactive compounds in infected cells while at the same time monitoring their effects on both the relevant forms of the parasite in the same system. Benznidazole was used as a positive control against T. cruzi and cytotoxicity was determined in mammalian L929 cells ( Table 1 ). The bioavailability profile of the flavanones was evaluated by applying the Lipinski rule and data related to the risk of toxicity (mutagenicity, tumorigenicity, irritability, and effects on the reproductive system) carried out through online programs "Molinspiration" and "OSIRIS property explorer" ( Table 1) . The majority of the tested compounds displayed in varying degrees some anti-T. cruzi activity and only 6 of the 29 compounds tested were found to be inactive. Initially, compound 2a was evaluated for trypanocidal activity and this result used for comparison in order to assess structure-activity relationships. The 50% inhibitory concentration (IC 50 ) for 2a (8.8 µM) was only slightly less potent than Benznidazole. Nevertheless, this preliminary result motivated us to investigate other analogs bearing substituents in order to improve potency and selectivity. The importance of the aryl group at the 2-position was demonstrated by comparison of trypanocidal activity of compounds 2a and 3. Indeed, the absence of the benzene ring resulted in a completely inactive compound and, for this reason, the aryl group was maintained or substituted for other heteroaromatic moieties. Compounds 2a-f all possess a benzoyl group at the 3-position but bear different substituents at the aryl group located at the 2-position. Among these, only the introduction of an anisole moiety (2d) significantly improved anti-T. cruzi activity, resulting in a doubling in potency when compared to 2a. Moreover, the selectivity of 2d was almost 4 times greater than 2a. The importance of methoxy substituents for trypanocidal activity has been noted in other studies [17, 24] . In the case of tricyclic coumarins, a 6-7-fold improvement in trypanocidal activity was observed with the introduction of methoxy substituents. These compounds resembled more closely the chemical structure of the trypanocidal natural product (brevifolin carboxylate) that these structures were based on [17] . Some enhancement in the trypanocidal activity of hybrid coumarin-chalcone compounds was also noted when the methoxy groups were introduced into either the 2 or 5 positions of the benzene ring [24] . The inclusion of a pyridine moiety in compound 2e was supported by previous reports describing the anti-T. cruzi activity of 2-pyridyl derivatives and their capacity to inhibit cruzain catalytic activity [25, 26] . However, on this occasion, compound 2e exhibited unremarkable anti-T. cruzi activity and was also not very selective.
No improvements in anti-T. cruzi activity were also observed for flavanones substituted at the benzoyl moiety (2g-2o and 2v-2x). The introduction of a methoxy or a chloro substituent at the 6-position of the chromanone nucleus (2p-2u) also did not provide more active compounds than 2a, although some improvements in selectivity were observed. Given that the activation of nitroheterocyclic drugs by T. cruzi has been shown to be associated with the formation of reactive radical species responsible for the death of the parasite, it was no surprise that the most potent flavanone 2z (IC 50 = 2.6 µM) was superior to the reference compound (3.8 µM). These results are in agreement with studies showing that in general nitrofuryl derivatives are highly potent anti-T. cruzi compounds that will often display comparable trypanocidal activities to Nifurtimox [27, 28] . The physicochemical drug descriptors of the molecular properties for the synthesized compounds were calculated by Molinspiration software ( Table 1) . The majority of the tested compounds satisfy the Lipinski rule with no violations and therefore displaying potentially good bioavailability. There were no linear correlations observed between molecular hydrophobicity and bioactivity. All Log p-values for the bioactive flavanones were approximately 3-4 times greater than Benznidazole and all values were less than 5, which satisfies Lipinski's rule of five and suggests potentially good permeability across cell membranes. Interestingly, compound 2z presented the highest total polar surface area (TPSA) value, which is below the limit of 140 A 2 (Lipinski's rule) and notably was also the most closely related TPSA value to reference drug Benznidazole. The risk of theoretical toxicity revealed that only 2z had a low risk of the mutagenic effect but unlike Benznidazole, it was not high risk for reproductive effects. 
Materials and Methods
All commercial reagents were used as received. Anhydrous solvents were purchased from Sigma-Aldrich. Flash column chromatography was performed using silica gel 200-400 Mesh. TLC analyses were performed using silica gel plates, using ultraviolet light (254 nm), phosphomolybdic acid, or vanillin solution for visualization. Melting points are uncorrected and were recorded on a Buchi B-540 apparatus. For NMR data, the chemical shifts are reported in δ (ppm) referenced to residual solvent protons and 13 C signals in deuterated chloroform. Coupling constants (J) are expressed in Hertz (Hz) . Infrared spectra were obtained on a Thermo Scientific Nicolet 380 FT-IR apparatus (600-4000 cm −1 , Nicolet Instrument Corp., Madison, WI, USA) using attenuated total reflection (ATR). Mass spectra were obtained by GC-MS, Shimadzu QP-2010 Plus model (Shimadzu, Kyoto, Japan) and High-Resolution Mass Spectra were obtained on a Shimadzu HPLC-ESI-IT-TOF. SMILES notations of the flavanone derivatives were inputted into an online software and subjected to molecular properties prediction by Molinspiration software (software version v2015.01). 1 H and 13 C NMR spectra of these compounds are available in the supplementary materials..
Typical Procedure for the Synthesis of Diketones 1
In a round bottom flask (50.0 mL) equipped with stir bar, substituted 2-hydroxyacetophenone (5 mmol), pyridine (15.0 mL), and substituted benzoyl chloride (2.5 mmol) were added at 0 • C. The reaction was allowed to warm to room temperature and left to stir for 1 h. Upon completion, the reaction was quenched with 3.0 M HCl solution (25 mL) at 0 • C and the precipitate that formed was filtered and recrystallized from hot methanol to afford esters as white solids. Next, the esters (2 mmol 
Typical Procedure for the Synthesis of Flavanones 2a-z and 3
In a round bottom flask (50 mL), β-diketone (1 mmol), substituted benzaldehydes (1.2 mmol), morpholine (10 mol%), and ethanol (10 mL) were added. The mixture was allowed to stir for approximately 3 h at 70 • C. Upon completion, the reaction was cooled in an ice bath until a precipitate was formed. The product was filtered and washed with cold ethanol and finally, recrystallized with 70% aqueous ethanol. 
In Vitro Cytotoxic Test of Trypanocidal Compounds
The active compounds were tested in vitro for determination of cellular toxicity against uninfected L-929 cells using the alamarBlue ® dye. The cells were exposed to compounds at increasing concentrations starting at IC 50 value for T. cruzi. After 96 h of incubation with the tested compounds, the alamarBlue ® was added and the absorbance at 570 and 600 nm measured after 4-6 h. The cell viability was expressed as the percentage of difference in the reduction between treated and untreated cells. IC 50 values were calculated by linear interpolation, and the selectivity index (SI) was determined based on the ratio of the IC 50 value in the host cell divided by the IC 50 value of the parasite. Quadruplicates were run in the same plate, and the experiments were repeated at least once.
Conclusions
In conclusion, the anti T. cruzi activity of 28 3-benzoylflavanones were evaluated in vitro against amastigote and trypomastigote forms of parasite. Most of the evaluated compounds presented promising activity against the intracellular forms of T. cruzi. In particular, flavanone 2z bearing a nitrofuran moiety displayed and IC 50 value was lower than the reference drug Benznidazole. For this reason, the in vivo evaluation of the lead compound is in planning. Further investigations involving colorimetric methods and indirect analysis by light microscopy to discern the mechanism of action of the nitrofuran bearing flavanone are underway and will be disclosed in a follow-up report. 
